Gas-and-ash explosions at the Santiaguito dome complex, Guatemala, commonly occur through arcuate fractures, following a 5-to 6-min period of inflation observed in long-period seismic signals. Observation of active faults across the dome suggests a strong shear component, but as fault propagation generally proceeds through the coalescence of tensile fractures, we surmise that explosive eruptions require tensile rupture. Here, we assess the effects of temperature and strain rate on fracture propagation and the tensile strength of Santiaguito dome lavas. Indirect tensile tests were conducted on samples with a porosity range of 3-30% and over diametral displacement rates of 0.04, 0.004, and 0.0004 mm/ s. At room temperature, the tensile strength of dome rock is rate independent (within the range tested) and inversely proportional to the porosity of the material. At eruptive temperatures we observe an increasingly ductile response at either higher temperature or lower displacement rate, where ductile deformation is manifest by a reduction in loading rate during constant deformation rate tests, resulting in slow tearing, viscous flow, and pervasive damage. We propose a method to conduct indirect tensile tests under volcanic conditions using a modification of the Brazilian disc testing protocol and use brittleness indices to classify deformation modes across the brittle-ductile transition. We show that a degree of ductile damage is inevitable in the lava core during explosions at the Santiaguito dome complex and discuss how strain leading to rupture controls fracture geometry, which would impact gas pressure release or buildup and regulate explosive activity.
Introduction

Vulcanian Activity at Active Lava Domes
The processes triggering "vulcanian" gas-and-ash explosions at active lava domes remain widely debated as competing hypotheses exist at both all-encompassing and volcano-specific (Hall et al., 2015) scales. Vulcanian events have been attributed to a range of processes, from the ascent of a fresh batch of bubbly magma in the shallow conduit (Cassidy et al., 2015) and gas pressure accumulation due to fracture sealing (Kendrick et al., 2016; Okumura & Sasaki, 2014) healing (Gardner et al., 2018; Lamur et al., 2019) and cyclic gas fluxing (Michaut et al., 2013) to the development of shear fractures along the margins of volcanic source of magma pressurization and depressurization. The general preservation of the dome structure following explosions along fractures suggests that critical gas overpressure does not develop readily across the whole dome prior to vulcanian explosions at Santiaguito. There are complementary lines of evidence to support this hypothesis. A purely gas-driven tilt signal is opposed by observations that SO 2 outgassing fluxes do not significantly vary during preeruptive and posteruptive episodes and show poor correlation with eruption magnitudes (Holland et al., 2011; Rodríguez et al., 2004) . In addition, Okumura and Sasaki (2014) estimated that the timescale of permeability reduction due to healing of fractures at Santiaguito is at least 1 order of magnitude longer than the eruption interval, suggesting that gas overpressures sufficient to exceed the tensile strength of magma could not develop throughout the shallow magma. Finally, typical explosion plumes are weak and ash poor (De Angelis et al., 2016; Esse et al., 2018; Patrick, 2007) and the volcanic ash particles emitted during explosions are dense and blocky, with few small vesicles and no evidence for bubble wall breakage Rose et al., 1980) , indicating that the erupted material has a low bubble number density and does not fail due to bulk bubble overpressure alone. Therefore, it is likely that localized rupture causes transient permeability shifts, possibly promoted by strain in marginal shear zones, providing an important contribution to the triggering of explosions and the cyclic tilt patterns.
Modeling of the inflation-deflation cycles by a gas pressurization source (Johnson et al., 2014) at depths of 100-600 m (Sahetapy-Engel et al., 2008; Sanderson et al., 2010) has been proposed and requires highly permeable pathways (i.e., fractures connecting a pressurized region to the dome surface) during an explosion. At such shallow depths and under low confining pressure, tensile fractures are likely to dominate. We anticipate that upon formation of a throughgoing tensile fracture, the differential residual stress may be dissipated by slip along faults. Shear motion is observed during explosions as the dome surface rises and falls by 0.5 m in 1 s, (Johnson et al., 2008) indicating the faulting and slip of conduit magma at velocities 1 m/s. Previous work has argued that slip of a magma plug is controlled by frictional properties at the slip Recent lava flows erupted from Caliente were sampled (SG43 and SGLF3) as well as a large bomb (SG10) and a dense, glassy block (SGPF13) that was collected from a pyroclastic flow deposit 2 km south of the 2014-2015 lava flow (see Table 1 for details). The location of seismic and infrasound station LB05 is shown as a yellow square. Image: Google-CNRS-Airbus-Digital Globe. (b) Subduction of the Cocos plate forms a parallel chain of volcanoes along the active front of the Central America volcanic arc. The Santiaguito dome complex is shown as a red triangle, with other major volcanoes shown in blue. Modified from several maps (Eiler et al., 2003; Escobar-Wolf, 2010; Scott et al., 2012) . (c) Topography along the section X-Y, marked on panel (a) in cyan.
interfaces Kendrick et al., 2014; and that slip generates rapid temperature increases sufficient to induce melting as well as local vesiculation in the fault zone during the piston dynamics of the active Caliente dome at Santiaguito . Lavallée et al. (2015) argue that the pore pressure developed in the shallow magmatic column is insufficient to trigger wholesale fragmentation but local tensile failure only; they present a model in which thermal vesiculation due to shear heating along fault zones generates the pore pressures capable of triggering partial fragmentation. They reason that comminution and local fragmentation generated by faulting, even for only a few centimeters of slip Kendrick et al., 2014) , may significantly weaken the magma adjacent to the fault and create fracture space to allow the dome structure to deform during inflation-deflation cycles, thus increasing its overall structural stability. Such "sacrificial" fragmentation (De Angelis et al., 2016; Lavallée et al., 2015) may regulate dome structures over recurrent tilt cycles. Volcanic ash produced in such a cataclastic and thermal-driven fashion may further encourage pulsatory ash emission dynamics (Scharff et al., 2014) and create ash particles with a distinct mineralogical and physical signature (Hornby, Lavallée, Kendrick, Rollinson, et al., 2019; Lavallée et al., 2015; Rose et al., 1980) .
Tensile Strength and the Development of Tensile Fractures
A common element of dome eruption models is the requirement for excursions of magma into the brittle deformation regime. Vulcanian explosions require magmatic fragmentation (Dingwell, 1996) ; in addition, ascent-driven rupture of magma where strain localizes (e.g., De Angelis & Henton, 2011; Lensky et al., 2008; Papale, 1999 ) may lead to the development of shear and tensile fracture networks at the margins of the conduit (Sparks, 1997; Tuffen et al., 2003; Massol & Jaupart, 2009; Rhodes et al., 2018) , which may be followed by progressive fracture healing (e.g., Lamur et al., 2019) in a process which can repeat multiple times during magma ascent (Tuffen et al., 2003) . Finally, lava may break in tension due to the action of progressive cooling contraction of the dome carapace (Lamur et al., 2018; Suzuki-Kamata et al., 2009; Wadge et al., 2009) . In all of these cases (even for the development of shear zones) failure initiates in tension (Stanchits et al., 2006) .
Until recent years, the mechanics of volcanic rocks and magma in tension has received relatively little attention, focusing on fragmentation by pore overpressure (e.g., Spieler et al., 2004) , high-temperature fracture toughness (Balme et al., 2004) , and tensile failure of country rock Parisio et al., 2019) . This comes despite longstanding recognition of the paucity of low pressure-high temperature tensile strength data and their importance to our understanding of the mechanics of volcanic eruptions (Rocchi et al., 2003; Self et al., 1979; Shaw, 1980) . A spate of recent studies has improved this situation, comprising high-temperature tensile strength experiments during the development of columnar jointing (Lamur et al., 2018) and fracture healing as well as room temperature tensile tests on andesites from Rotokowa and Mount Taranaki in New Zealand (Siratovich et al., 2012; Zorn et al., 2018) , Soufrière Hills Volcano in Montserrat (Harnett et al., 2019) , Volcán de Colima in Mexico (Lamb et al., 2017) , and a range of volcanic rocks from the Krafla geothermal system in Iceland (Eggertsson et al., 2018) .
Indirect tensile strength tests, or Brazilian disc tests, are the most commonly employed method to study material failure in tension (Li & Wong, 2013) . The tests, generally conducted at a single, fixed displacement rate and at ambient temperature, provide evidence for material strength decreasing with increasing porosity and indicate that tensile strength is approximately 10-20 times lower than compressive strength (Harnett et al., 2019; Lamb et al., 2017; Perras & Diederichs, 2014; Zorn et al., 2018) . However, the range of typical test conditions cannot be easily applied to active volcanoes, which take place at high temperature and at widely varying strain rates, and which may result in brittle failure as well as in ductile and viscous deformation (Lavallée et al., 2007; Rocchi et al., 2003) . Herein, we address this important data gap by testing the behavior of dome materials from the Santiaguito dome complex at conditions simulating natural conduit temperatures and strain rates, and we propose a protocol to conduct indirect tensile strength tests at elevated temperature.
Santa Maria volcano. During November 2014, we deployed a network of five broadband seismometers, six short-period seismometers, and six infrasound microphones around the Santiaguito dome complex (De Angelis et al., 2016; Lamb et al., 2019) . Here, we analyzed very long period seismic signals (600-30 s) from a Trillium compact broadband seismometer at station LB05 (14°44′18″N, 91°33′38″W),~500 m NW, and 200 m below the active Caliente vent at Santiaguito (Figure 1a ). Following recent studies (De Angelis & Bodin, 2012; Johnson et al., 2009 Johnson et al., , 2014 , we used the horizontal component of very long period signals to recover ground tilt. Infrasound was recorded using an iTem broadband infrasound microphone colocated at station LB05.
Material
Four pristine dome rocks were collected during field campaigns in 2012, 2014, and 2015 at the active Caliente dome. Sampling locations together with the sample codes are reported in Figure 1 and Table 1 . Lava flow samples (SG43 and SGLF3) were collected from the base of the flow levees, and a fresh airfall bomb (SG10) was collected from the base of Caliente, while the block collected from a pyroclastic flow (SGPF13) had traveled a considerable distance from the source. The rocks are dacites with rhyolitic interstitial glass chemistry and mineralogical assemblage consistent with observations from Scott et al. (2013) ; however, the rocks vary in porosity, as determined by He-pycnometry measurements using a 100 cm 3 chamber in an AccuPyc 1340 Automatic Gas Pycnometer from Micromeritics. The mineralogical assemblage is composed of~50 vol.% plagioclase feldspar (phenocrysts and microlites) with 5-6 vol.% Mg pyroxenes, 2 vol.% amphibole, and minor Ti-magnetite, Ilmenite, and crystalline silica (Hornby, Lavallée, Kendrick, Rollinson, et al., 2019; Scott et al., 2013) . The remainder interstitial glass hosts microlites of plagioclase and iron oxides. Image analysis of photomicrographs shows that phenocrysts form 36-40 area % of the samples, with mean aspect ratios of 1.8 ± 0.25 (see Table 1 ).
Softening Temperature Determination
To constrain the flow temperature regime of these lavas, we measured the softening temperature, using a Netzsch TMA 402F1 Hyperion thermomechanical analyzer. For these tests, we prepared 6-mm × 5-mm cores of each sample. Each core was axially loaded in a piston assembly, under a load of 3 N (±0.01 mN) and heated at 3°C/min while monitoring the change in sample height at a resolution of ±0.125 nm. During heating, the samples expand and viscous flow of the groundmass glass above the glass transition temperature (T g ) causes the sample to begin to axially compact. The softening point was constrained as the temperature at the inflection point where the samples began to compact, and the measurement was stopped when the sample shortened by a strain of 0.25% under the imposed load.
Indirect Tensile Tests
For indirect tensile testing, rock samples were cored into discs of 39.8 ± 0.1 mm diameter and 20 ± 2-mm thickness, giving a thickness:diameter ratio of approximately 0.5, meeting ASTM specifications (ASTM, 2004) and as independently recommended (Lin et al., 2016; Wei & Chau, 2013) . Prior to testing, porosities (Ф) of each core were measured by He-pycnometry (Section 2.2, Table 2 ). Indirect tensile strength tests were conducted using an Instron 1362 servo-driven uniaxial press with a 100-kN load cell.
The samples were loaded so that force was applied diametrically, with the curved disc edge against the flat, parallel platens of the press, thereby imposing a tensile stress on the sample interior (Perras & Diederichs, 2014) . This configuration conforms to ASTM specifications, and an independent study has shown it to produce a valid stress field (Markides & Kourkoulis, 2016) . ASTM specifications specify that a Brazilian tensile strength measurement must be conducted within the stressing rate of 3 to 21 MPa/min, achieving failure within 1-10 min, though the ISRM guidelines propose a loading rate of 0.2 kN/s, which comes to approximately 9.5 MPa/min for the sample geometry used here, and specify a failure time of 15-30 s (ASTM, 2004; ISRM, 1978; Newman & Bennett, 1990) . Given this dichotomy in failure time and that previous studies have found an influence of deformation on loading rate (Gong et al., 2019; Newman & Bennett, 1990 ), here we conduct tests at variable displacement rates of 0.04, 0.004, and 0.0004 mm/s and measured sample temperatures (T s ) of 25°C, 752.4 ± 11.3°C, and 800.8 ± 12°C (note that, for the sake of brevity, we refer to these as three sets of tests at sample temperatures of 25, 750, and 800°C hereafter) to examine the effect of rate on the ductile-brittle response of a suite of variably porous rocks. Failure time and loading rate for room temperature tests conducted at 0.004 mm/s meet the standards to be termed a Brazilian tensile test.
Displacement was recorded along the vertical diametral axis of the sample and is used as a relative measure for orthogonal diametral expansion or tensile strain. In order to avoid confusion with direct tensile strain (not derived in this experimental geometry), we refer to these strain measurements as diametral strain, ε d , and accordingly to the rate as diametral strain rate (where the displacement rates 0.04, 0.004, and 0.0004 mm/s correspond to diametral strain rates _ ε d ð Þ of 10 −3 , 10 −4 , and 10 −5 s −1 , respectively). During tests, the resultant applied force was monitored by a load cell at 100 Hz until sample failure or until a maximum of 0.025 diametral strain (or 1-mm axial compression). The tensile stress, σ t , reported for samples undergoing brittle deformation was calculated using
where P is the applied force (N), D is the sample diameter (m), and L is sample thickness (m).
The press was fitted with a three-zone split cylinder furnace from Severn Thermal Solutions, capable of heating samples to temperatures of ≤1,000°C. During high-temperature tests, the furnace was heated 3°C/min to set point temperatures of 800 and 850°C (corresponding to sample temperatures of approximately 750 and 800°C, respectively) and left to thermally equilibrate over a period of~1 hr; T s was monitored using a K-type thermocouple. The compliance of the uniaxial press was measured up to 100 kN at room temperature and at furnace temperatures of 800 and 850°C, and an analytical solution for machine compliance described by Gruber (2018) was used to model the nonlinearity of the compliance curve. The function combines the linear elastic displacement and nonlinear displacement due to machine compliance, using empirical fitting parameters to calculate the nonlinear displacement. The method used to calculate compliance together with fitting parameters can be found in the supporting information data (Text S1 and Table S1), and the raw data for machine compliance can be found in the online data repository (Hornby, Lavallée, Kendrick, De Angelis, et al., 2019) .
Results
Visual and Geophysical Observations
During field campaigns, we observed gas emission events as well as gas-and-ash explosions at regular intervals of~20-200 min. Visual observations in the daytime and at night from the vantage point of Santa Maria summit (1,200 m above the Caliente vent; Figure 1c ) allowed us to see the synexplosive development of fractures on the dome surface ( Figure 2 ). During explosions and outgassing, persistent fractures formed a complex conjugate network of radiating and concentric fractures. At the onset of an explosion, ash-poor plumes appeared first, often from concentric fractures (Figures 2a and 2b) , followed several seconds later by ash-rich jets rising from more linear fractures that cut across the dome surface. The same fractures appeared to have been active as gas pathways during passive outgassing and during explosions (Figures 2c and 2d) ; however, ash-rich bursts often erupted along separate fractures (Figures 2b and 2d ). In general, explosion plumes were ash poor (De Angelis et al., 2016; Yamamoto et al., 2008) , but discrete ash-rich jets appeared to contain much greater mass fractions prior to buoyant rise and mixing. Following an eruption, the dome structure remained intact, although the pattern of intensely outgassing fractures intermittently changed within the central part of the summit dome during intereruptive periods. Concentric fractures around the circumference of the dome structure (Figure 2a ) remained active during all periods of activity and produced the highest heat flux (Sahetapy-Engel & Harris, 2009 ). Continuous degassing measured in previous years (Holland et al., 2011; Rodríguez et al., 2004) showed that the vent typically remained open during intereruptive periods.
Analysis of seismic and acoustic infrasound data recorded at a distance of 500 m from the Caliente vent shows cyclic activity. Figure 3 shows tilt signals derived from the rotated horizontal components of the Note. Samples were tested at 0.04, 0.004 and 0.0004 mm/s, corresponding to diametral strain rates of 10 −3 , 10 −4 , and 10 −5 s −1 respectively. Where possible, tests were repeated using sample pairs with closely matching porosity. For high-temperature tests, sample temperature was monitored with a K-type thermocouple immediately prior to experiments. a Experiment stopped at given strain (displacement) with no failure detected.
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Journal of Geophysical Research: Solid Earth seismic record (e.g., De Angelis & Bodin, 2012) over a 6-hr period on 29 November 2014 and a 5-hr period on 4 December 2014 along with the acoustic infrasound record from a colocated microphone. Figure 3a shows 11 tilt cycles, 7 of which were accompanied by infrasound signals (each occurring at the peak of a tilt cycle) and coincident with visual observations of small gas-and-ash explosions from Caliente. Figure 3b shows nine tilt cycles, all of which were associated with explosive events. Taking a closer look into a typical tilt cycle ( Figure 3b ), we observe a linear increase in radial tilt (i.e., inflation) over~5 min; following the tilt maximum, we note a rapid (<60 s) decrease in tilt, often coincident with the onset of an impulsive infrasonic signal, followed by a period of more gradual deflation lasting~15 min. These observations, including the timescale of each tilt cycle, are in excellent agreement with those previously made by Johnson et al. (2014) and with the analysis presented in Lavallée et al. (2015) , whereby 222 stacked tilt cycles recorded over 5 days revealed near-identical patterns and timescales of inflation and deflation, and showed that faster rates of inflation (positive tilt) culminated in explosions.
The data presented in Figure 3 suggest that most gas-and-ash explosions were preceded by a period of steadily increasing radial tilt over 5-6 min; here, we relate this timescale to the period of stress accumulation in the magmatic column and use it to constrain the strain rate experienced by magma leading to either passive gas emission or rupture, fragmentation, and explosion.
Tensile Strength Tests and Rupture Modes
Here we report the results of 42 indirect tensile tests conducted at ambient and volcanically relevant temperatures (Table 2 ) and at deformation rates of 0.04, 0.004, and 0.0004 mm/s (corresponding to _ ε d of 10 −3 , 10 −4 , and 10 −5 s −1 ) on a set of variably porous volcanic rocks from Santiaguito. Mechanical data for all tests are openly available in the online data repository (Hornby, Lavallée, Kendrick, Rollinson, et al., 2019) . Tests at different temperatures but deformed at a single rate and tests at a single high temperature but with different displacement rates are plotted in Figures 4a and 4b , respectively. Experiments in which the sample shows fully brittle deformation are characterized by a linear buildup of tensile stress as a function of diametral compression which results in the radial splitting of the sample and stress drop (data at 25 and 758.5°C sample temperature in Figure 4a ).
However, at higher temperature, viscous relaxation of applied stress may contribute to the deformation, leading to a nonlinear accumulation of stress with displacement as the material flows without undergoing rupture (e.g., data at T s = 796.5°C in Figure 4a ). This brittle to ductile transition, met in the experiments here as temperature is increased (Figure 4a ), can also be achieved by decreasing the deformation rate at a given high temperature ( Figure 4b ). To illustrate this phenomena, Figure 4b shows that Santiaguito lavas deformed at 797 ± 8°C formed a well-defined macrofracture upon brittle failure (e.g., Figure 4c ) at high _ ε d (e.g., 10 −3 s −1 ); in contrast lava deformed at a lower _ ε d of 10 −4 s −1 led to partial stress relaxation and delayed rupture (Figure 4b ), while lava deformed at 10 −5 s −1 only partially tore (Figure 4d ), avoiding complete rupture under the imposed strain. (Note that in the latter scenarios, the load monitored does not reflect the true tensile stress experienced by the sample as the contact area of the cylindrical sample increased due to flattening against the pistons; however, this behavior indicates the temperature and strain rate conditions at which magma can partially relax an applied stress versus accumulating stress toward material failure.) The degree of strain localization across the brittle regime (forming localized fractures; Figure 4c ) and the ductile regime (pervasive deformation encouraging distributed damage and complex tearing structures; Figure 5 ) reflects variations in the extent of strain evidenced by the development of microstructures (i.e., crystal motion and fracture propagation) leading to rupture in magmas. Figure 5 provides evidence for incremental fracture propagation in the crenulated fracture pathways that appear to deviate between heterogeneities in the rock (e.g., crystals and pores) in high-temperature, low-deformation rate experiments. Evidence for distributed, dilatant damage within the brittle-ductile regime can be seen in Figure 5c , where radial fractures propagate inward and the tensile fracture opening increases with strain. The specific sample geometry and high strain reached in some experiments with significant ductile deformation also result in numerous radial fractures that propagate inward from the edge of the sample.
At ambient temperature, the tensile strength of the dome rocks shows an approximately linear decrease with increasing sample porosity (Figure 6a ), which has a best fit following σ t ¼ −0:99 · Φ þ 5:26. For a given (a) . Note that the timescale for inflation here is 5 min, as observed systematically prior to explosive eruptions during dome activity in 2012 (Johnson et al., 2014; Lavallée et al., 2015) . porosity we note a variability in tensile strength, which is slightly larger at higher porosity. When deformed at high temperatures, samples' strength appeared to vary more for a given porosity (Figures 6b and 6c ). (Note that in Figure 6c the hollow symbols refer to the maximum stress reached by material which did not rupture.) The porosity dependence of tensile strength observed at ambient temperature is not as strong during deformation at high temperature, where we note a shallower gradient (Figures 6b and 6c ). In general, at high-temperature conditions, the tensile strength of the samples was higher than their rock counterparts for a given porosity, with important exceptions when low diametral strain rates favored viscous relaxation and flow at low accumulated stresses. While the scatter may in part obscure the effect of deformation rate, such that we cannot quantify the influence of rate between 0.004 and 0.0004 mm/s, the slowest _ ε d of 10 −5 s −1 resulted in the lowest σ t at both ambient and high-temperature conditions ( Figure 6 ).
We explore further the rate-weakening rheology of lava deformation by evaluating the total ε d accommodated by samples during the tests (Figure 7 ). This analysis highlights the narrow range of ε d at failure (i.e., ε d at peak load) between 0.0027 and 0.0054 for deformation under fully brittle conditions, irrespective of porosity, temperature, or _ ε d . Samples for which ε d > 0.006 accumulated lower tensile loads for a given porosity ( Figure 7) ; this only occurred during tests at high temperature and low strain rate. The definition and discrimination of deformation regimes and failure modes is an essential task, as the classic interpretation of mechanical data and tensile strength calculation hinges upon assumptions of elastic stress accumulation and a brittle failure mode. During high-temperature testing, sample deformation may range between fully brittle and fully ductile (or viscous), and sample failure may not be guaranteed. Therefore, we define a brittle regime as one in which elastic stress, or load, shows a stable, near-linear progression with respect to displacement until failure and where damage is localized in a single throughgoing fracture, parallel to the axis of displacement. In brittle tests, the loading rate typically increases from the ) showing irregular, crenulated fracture boundaries that develop incrementally from crystal to crystal. Radial fractures can also be seen propagating inward from the right-hand boundary of the sample. Small fractures can be seen propagating above the main fracture toward the top of the sample. The contact between the sample and the pistons widened in this sample (Figure 4d ) and the fracture became significantly dilated for axial compression >1 mm.
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Journal of Geophysical Research: Solid Earth onset of loading (variably linearly or nonlinearly) during constant displacement rate tests; however, a consistent decrease in loading rate during tests is indicative of ductile deformation.
In rocks bearing silicate glass, such as fresh volcanic material, viscous flow above the glass transition temperature inhibits strain localization and encourages ductile deformation. Tests that show decreasing loading rate with increasing displacement (e.g., Figures 4a and 4b) or show deformation that is not localized in a single throughgoing fracture (e.g., Figure 4c ) including radial fractures propagating into the sample, flattening or barreling, and fracture dilation (e.g., Figure 4d ) cannot be considered as fully brittle, and equation (1) cannot be applied to calculate tensile stress. In such cases, the dominant deformation mode may be brittle, but we use identifiers of inelastic deformation to classify a mixed ductile-brittle or viscoelastic regime.
Brittle or Ductile? Defining the Deformation Regime
In order to assess the brittleness or ductility of high-temperature tests, we have proposed three criteria, empirically determined from the suite of experiments described here. We hope that further work will build upon and refine these criteria. In Figure 7 , we note that all samples in room temperature tests failed before reaching a strain of 0.006 (left of the dashed line in Figure 7) . At high temperature, samples that reached greater ε d also failed at lower load. A threshold can be defined at ε d = 0.006, above which the deformation Figure 6 . The load at failure during indirect tensile tests is presented against sample porosity for tests at T s of (a) 25°C, (b) 752.4 ± 11.3°C, and (c) 800.8 ± 12°C, to help distinguish trends across different testing conditions. The hollow symbols in panel (c) indicate experiments that were stopped at ≥1-mm axial compression without reaching failure. The tensile strength for tests, where valid, is plotted in (d), using the same symbols as in (a)-(c). Note that the tensile strength of dome rocks decreases with increasing porosity at room temperature and that samples with the same porosity often fail at a higher load during high-temperature tests compared to room temperature tests. mode is mixed. This is an empirical threshold that will vary when considering other materials, but a maximum ε d threshold for brittle deformation should be constrained. Within the mixed-mode, transitional deformation field, we postulate a further threshold at high strain and low load defining a fully viscous regime, but our experimental data do not allow this to be constrained.
By examining the mechanical data, we note that the rate of loading decreases throughout tests that show ε d > 0.006. We make an objective assessment of loading rate variance during all high-temperature tests by comparing the loading rate over 10 segments of the loading curve (from 10-100% of the curve prior to failure). Noise in the data was mitigated using a moving average of between 0.1% and 1% of the data points, depending on the strain rate. The loading rate was evaluated from the initiation of loading up to the point immediately before failure, as determined by a sudden drop in load. The loading rates were plotted and fit with a logarithmic regression, which provided the best fit in all but a few tests where loading rate change was smallest (see Figure 8a ). The equation of the regression curves is in the form dy dx ¼ alnx þ b; where a and b are constants describing the rate of change of the gradient and the vertical offset (i.e., the initial slope) respectively, and x is the normalized displacement during loading (Table 3) .
We classify the nonlinearity of the loading rate using a brittleness index (BI) which we define as BI m1 ¼ a b . The lower limit for this index is −1, since load cannot fall below 0 in these tests. Negative values closer to −1 indicate more substantial decreases in loading rate prior to failure; positive values indicate increasing loading rate during tests, characteristic of brittle elastic deformation. Decreasing loading rates imply increasing strain per unit load, leading to a correlation between BI m1 and strain to failure (Figure 8b) . In glass-bearing rocks at high temperature, the value of BI m1 represents the curvature of the force-displacement curve caused by the interplay between the loading rate and the relaxation of stress, but does not consider the absolute Figure 7 . The peak load for every sample is plotted against the diametral strain, ε d . Samples that underwent fully brittle behavior show a narrow range of ε d = 0.002 − 0.006, compared to some materials tested at high temperature that show greater ε d while reaching lower load (indicated by the black arrow). Two samples that did not fail within ε d ≤ 0.025 plot to the right of the figure, and we postulate a field for highly ductile (or viscous) deformation at such high strains, although our data are not sufficient to constrain its bounds. value of the initial loading rate, b; therefore, the absolute degree of ductile or viscous deformation is not well captured. This may be better represented by an empirical formula, as it is dependent on the magnitude of the loading between experiments and the applied strain rate. For this set of experiments, the relationship BI m2 ¼ a b 6−logb ð Þwhere the constant in the second term will vary empirically, appears to rank the experiments more closely regarding total ductile deformation (see Table 3 ). Nevertheless, as the absolute degree of ductile or viscous deformation is not required to designate the deformation mode, we define a threshold using BI m1 ≥ − 0.1 for fully brittle deformation, which is plotted in Figure 8b .
The loading rate based brittleness indices (BI m ) we describe above can be compared to established indices from the rock mechanics and geomechanics literature. However, due to the testing method, only 2 out of 25 indices described in a recent review paper (Zhang et al., 2016) can be directly applied to our indirect tensile strength tests. We classify these two as elasticity-based indices (BI e ), as they consider the fraction of elastic strain (BI e1 ) or elastic energy (BI e2 ) versus the total strain or energy to failure (Hucka & Das, 1974) . Since the BI e indices are also based directly on the mechanical data, we can make a straightforward comparison against our BI m indices. For BI e1 , we calculated the elastic displacement by considering the linear elastic gradient up to the peak load. The elastic gradient was taken as the b value for decreasing loading rate tests, but for increasing loading rate tests we used the average gradient between 70% and 90% of total prefailure extension (see data repository Hornby, Lavallée, Kendrick, De Angelis, et al., 2019) . (Note that all tests were conducted with constant displacementrate, thus the variation in loading rate represents the differing rock responses to deformation). For BI e2 , the elastic energy was calculated by dividing the area under the fitted elastic force-displacement curve by the area under the measured force-displacement curve (Hucka & Das, 1974) . To calculate the latter value, we fitted a second-order polynomial to the measured curve and integrated up to the point of failure. All BI values are given in Table 3 , with fitting curves given in the data repository. A comparison of all four indices ( Figure S1a) shows similar trends, but BI m2 and BI e2 show better data distribution compared to the other two. Only BI m values discriminate between decreasing and increasing loading rates in the brittle regime, and only BI m2 identifies the very low loading rate of test SG10N. We compare BI m2 and BI e2 against strain in Figure S1b . All brittle experiments defined by the BI m1 criterion are well discriminated above a value of 0.8 in BI e2 , supporting our chosen threshold. This clear separation shows that elastic energy absorption by viscous flow may be the most sensitive indicator for small degrees of viscous deformation. Since this is an independent measure, we can add the BI e2 > 0.8 threshold to the definition for fully brittle deformation. Figure 8 . (a) Rate of loading plotted for 10 equal periods between 0% and 100% of prefailure loading for all high-temperature tests that showed a decrease in loading rate. Each set of points is fitted with a logarithmic regression curve in the form dy dx ¼ alnx þ b; with the constants a and b given in Table 3 . Symbols indicate the experimental conditions and samples. (b) Correlation between BI m1 and ε d where the thresholds for fully brittle deformation are shown as gray dotted lines. Experiments in panel (a) are shown with the same symbol color, while experiments that showed positive BI m1 values are shown in gray.
In summary, including the textural evidence outlined in section 4.1, we use three criteria to define deformation regime. Experiments that are fully brittle must satisfy all three criteria, while varying degrees of ductile or viscous deformation can be assessed using the value of criteria (2) and (3) given below.
1. ε d ≤ 0.006 at failure. 2. BI m1 ≥ − 0.1 or BI e2 > 0.8; 3. Sample deformation must be limited to a single fracture with major axis parallel to the applied stress, passing through the center of the sample.
Recommendations for Conducting Indirect Tensile Tests Under Volcanically Relevant Conditions
The ISRM and ASTM guidelines for Brazilian disc tests (ASTM, 2004; ISRM, 1978) were not intended to be used to replicate natural volcanic deformation conditions. Nevertheless, the suggested methods and recent literature have been followed, where possible and appropriate (see Methods). The failure time for our samples ranges from 3 s to 19 min, with most samples failing in the recommended range (i.e., 15-600 s). All tests at a strain rate of 10 −3 s −1 failed in <5 s, while tests at 10 −5 s −1 that underwent ductile deformation often failed at periods >600 s. Loading rates range from 0.4 to 106 kN/min, with only experiments conducted at 10 −4 s −1 lying in the recommended range (ASTM, 2004; ISRM, 1978) . However, given the range of deformation modes and failure times encountered at high temperature, we believe that a recommendation for deformation rate or duration is not appropriate and that researchers should vary deformation rate according to material behavior and testing objectives. In order to attain fully brittle deformation, our results show that faster deformation rates and shorter failure times may be required to those given by ASTM and ISRM Note. Four brittleness indices-the curvature of the force-displacement data (BI m1 and BI m2 ), the ratio between elastic strain and total strain at failure (BI e1 ) and between the elastic energy and total energy at failure (BI e2 )-are shown for each test. a and b are constants within logarithmic loading rate regression functions for each test. Bold italic values show tests with criteria indicating ductile and mixed-mode deformation. All criteria must be met for an experiment to be classified as brittle. Tests are sorted from lowest to highest BI m1 values. a a and b were calculated on the portion of the load-displacement curve up to 1-mm extension.
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Journal of Geophysical Research: Solid Earth guidelines. Since the tensile strength of volcanic materials over natural temperature and strain rate ranges is essential to understanding rock physics and eruptive mechanisms in volcanic settings, we have conducted indirect tensile tests at high temperature and variable strain rate. Here, we propose a set of recommendations for such tests and guidelines for determination of the deformation modes. These are based on the experimental data we have to hand, but since this represents the majority of all such experiments to date, perhaps such an attempt is warranted. We intend these as a reference point for other researchers, and the recommendations should not be perceived as prescriptive.
1. Crystallinity and porosity of experimental materials measured prior to testing. 2. Ideally, sample dimensions should conform to D = 2L to reduce contact area increases. 3. Sample orientation in respect to any anisotropic fabric (either in pore space or crystal distribution) should be noted and provided for each test. 4. For glass-bearing materials such as volcanic rocks, the glass transition temperature, T g , or the softening temperature should be measured prior to testing. 5. Heating rates ≤5°C/min and temperature soak of ≥1 hr recommended to limit differential expansion of constituent phases and ensure thermal homogeneity. 6. Machine compliance should be measured at test temperature(s), and a nonlinear function (e.g., Gruber, 2018) should be used to correct test data. 7. Test temperature should refer to sample temperature measured in situ, and offset to furnace set point should be noted. 8. Load on the sample should be avoided (or minimized if unavoidable) during heating and prior to the start of the test to prevent pretest deformation. 9. Displacement and strain may be reported along the sample axis parallel to the applied force and referred to as axial strain or diametral strain rather than tensile strain. 10. The ductile-brittle failure criteria described in section 4.2 should be used to determine deformation mode:
i ε d ≤ 0.006 ii BI m1 ≥ − 0.1 or BI e2 > 0.8 iii Sample deformation must be limited to a single fracture with major axis parallel to the applied stress, passing through the center of the sample. 11. For fully brittle deformation, tensile stress may be calculated and tensile strength reported using equation (1). 12. Where the brittle criteria are not met, the deformation structures or textures should be described and peak load rather than stress (or strength) should be given.
Application of the Findings to Volcanic Environments
Dome Lavas' Tensile Strength and Deformation Mode Across the Ductile-Brittle Transition
Temperature is crucial in dictating the strength and deformation modes of lavas, as it controls the melt viscosity (and thus the relaxation rate; e.g., Dingwell & Webb, 1989) and may regulate the volume of lava (e.g., Gottsmann & Dingwell, 2000) . The onset of viscoelastic relaxation is expected for glass-bearing dome rocks above the glass transition temperature, here approximated using the softening point, recorded at 740-786°C in our samples (see Table 1 ). The indirect tensile disc tests carried out here demonstrate that the rheology of dome lavas is also strongly controlled by the strain rates they experience and weakly controlled by the porosity at high temperatures. We assess the dependence of the brittleness index values calculated for each test on these parameters using a composite plot (Figure 9) where T s is normalized to the glass transition temperature. We plot T s /T g against BI m2 in Figure 9a and designate color and size to the data points to represent _ ε d and sample porosity, respectively. It is immediately apparent that temperatures below T g result in brittle deformation and failure (plotting below the gray dashed threshold), while with increasing temperature overshoot (above T g ), we observe an increasingly ductile (or viscous) component of deformation. We plot linear regressions for data points at each _ ε d , which are subparallel but offset to greater brittleness at higher strain rate. This simple relationship shows brittle deformation extending further above T g for higher _ ε d . The linear regression may be too simplistic, especially for positive brittleness values, which are expected to plateau a little above 0, but it is feasible for deformation within the near-T g range plotted here. In Figure 9b we plot the data against BI e2 , representing the fraction of elastic energy. All fully brittle data collapse close to 1, while two trends of decreasing brittleness are distinguished, one close to T g and one at T s /T g > 1.05. In the latter range, all tests were mixed mode to viscous dominated. These two clusters of data are a product of the differing glass transition temperatures and two furnace set point temperatures, but it is notable that similar trends are observed over both T s /T g ranges, suggesting a minor effect of groundmass melt viscosity on the total energy absorption; however, data are sparse for the higher T s /T g data. Temperature is shown to be a key control on deformation mode; thus, there is a need to better resolve the temperature conditions in our assessment of the state of magma during volcanic unrest.
Porosity is a controlling parameter on the tensile strength and deformation mode of volcanic rock-as observed in previous studies (Spieler et al., 2004; Zorn et al., 2018 )-and we find that σ t follows a linear trend with Ф at room temperature, but this dependence is lessened at temperatures relevant for dome lavas (Figures 6 and 9 ), especially at lower strain rates where viscous flow dominates. This observation has also been found in uniaxial compression experiments on dacitic lava (Coats et al., 2018) suggesting a temperature-dependent sensitivity of failure stress to porosity. When deformed at high temperature, samples' strength also appears to be more variable for a given porosity. We see a significant increase in ε d at T s > T g during deformation at low strain rates (Figures 4, 7 , and 9 and Table 3 ), indicating a contribution of the melt's viscous response on mechanical behavior. The role of Ф in decreasing rock strength during mixed mode and viscous deformation appears to be diminished, and pores may favor a certain degree of pervasive strain and stress relaxation. We may expect a stronger porosity dependence of the tensile strength during high-temperature tests at strain rates close to and above the relaxation time of the silicate melt (e.g., above the fully brittle threshold where brittle deformation mechanics govern failure (Coats et al., 2018; Dingwell & Webb, 1989; Wadsworth et al., 2017) ).
Above T g , the strain rate determines the rheological behavior (i.e., deformation mode) of lavas. We find that an increase in strain rate lowers ε d and results in a higher apparent tensile strength (Figure 7) ; an observation previously made for dome lava deformed in compression . Brittle behavior can be met at high strain rates (Figure 9a ) preventing stress relaxation and strain, thus favoring the development of a localized throughgoing fracture. As temperature drops the lava also becomes increasingly brittle as the degree of strain localization increases (Coats et al., 2018; Lavallée et al., 2008) . In many cases where the applied strain rate is lower, a certain degree of stress relaxation (see Figure 8 ) and pervasive strain (see Figures 7 and 9 ) results in slow tearing and the development of blunt crack tips (see Figure 5c ). In such cases, the onset of deformation will lead to transient stress accumulation as the material stiffens, before partially dissipating the stress through viscous relaxation and flow, resulting in loading rate decrease from an initial maximum (Figure 8 ). This degree of viscous relaxation is determined by the ratio of the deformation timescale to the relaxation timescale (Dingwell & Webb, 1989; Maxwell, 1867) and equivalent relationships when considering multiphase suspensions (Coats et al., 2018; Wadsworth et al., 2018) . With increasing ductility, primary fracture propagation becomes increasingly time dependent and incremental. This can be seen in the crenulated fracture path propagating between crystals and void spaces (Maire et al., 2016) , and the widening of existing fractures seen in samples deformed at high temperature and low strain rate (Figures 4 and 5c ).
For tests with fully brittle deformation we find on average an increase in tensile strength at high temperature (see Tables 2 and 3) , for a given porosity (i.e., lavas are stronger than their corresponding cool, rock counterparts). This conforms with the recent results from basaltic lavas in direct tension (Lamur et al., 2018) and to results of low-to-high temperature compressive strength tests on basalt from Pacaya (Schaefer et al., 2015) and dacites from Mount Unzen (Coats et al., 2018) . Finally, at ambient (room) temperature, the tensile strength of the tested dome rocks is mildly influenced by strain rate. An increase of 1 order of magnitude (10 −5 vs. 10 −4 s −1 ) results in mild strengthening, in agreement with previous studies that demonstrated rate strengthening in compression (Coats et al., 2018; Schaefer et al., 2015) . The cause of this rate strengthening has been postulated as an inability of the sample to equilibrate to its imposed stress conditions (Coats et al., 2018) , resulting in a lag between the application of a critical stress and the propagation of a pervasive fracture, which we believe can explain the observations here.
Tensile Rupture at Santiaguito: A Constraint on Outgassing Versus Explosive Events
The experimental findings presented here show that the development of tensile fractures in lavas is temperature and deformation rate dependent. The outer parts of a lava dome (i.e., the carapace and talus) are prone 10.1029/2018JB017253 Journal of Geophysical Research: Solid Earth Figure 9 . A composite plot showing the effects of strain rate, temperature, and porosity on the brittleness indices at high temperature. Sample temperatures are normalized to the glass transition temperature for each test, highlighting the effect of viscous flow of groundmass glass on bulk brittleness. (a) Plotting against BI m2 shows that for T s < T g , all tests had a brittle failure mode. When T s /T g > 1, increasing temperatures for a given strain rate lead to decreasing brittleness. Linear regressions describe subparallel trends where brittleness is inversely correlated with T s /T g , offset for higher brittleness with increasing strain rate. Hence, brittle failure modes extend further above T g at higher strain rates. (b) The bounds 0 ≤ BI e2 ≤ 1 lead to a sigmoidal decrease in brittleness as temperatures increase from T g . Two discrete but similar trends of diminishing brittleness can be seen. The separation of the data is due to the two set point temperatures (e.g., 800 and 850°C
) and two clusters of T g (e.g.,~745 and~785°C). We note that only samples deformed at 10 −5 s −1 undergo substantial ductile energy absorption at T s /T g values close to unity. At T s /T g > 1.05, samples deformed at intermediate and high strain rates also become ductile. Porosity has a relatively minor effect on both BI values at high T s , which we also observe in Figure 6 .
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Journal of Geophysical Research: Solid Earth to undergo cooling to the atmosphere, and as such we expect different temperatures and dominant deformation mode across the lava dome structures. If this is the case, then the stress and temperature profiles across a lava dome may favor the propagation of tensile fractures downward toward, or upward from, a pressure source.
Analysis of the cyclic tilt signals of eruptive events in 2014-2015 reveals a 5-to 6-min pressurization phase leading to outgassing or explosive events, an observation previously made during eruption monitoring in 2012 (Johnson et al., 2014; Lavallée et al., 2015) . In particular, we note that tilt signals leading to outgassing events reach a lower amplitude than the tilt signals leading to explosive eruptions. As the timescale of inflation is similar in the event of outgassing (6 min) or of explosions (5 min), then we find that the sustained strain rate experienced by magma prior to explosions is greater, assuming that the tilt source location and temperature remain the same.
The control of the applied diametral strain rate on ε d is further shown in Figure 10 ; this effect is accentuated with increasing temperature above T g due to an increasing viscous contribution to deformation (Figures 10b  and 10c ). Within the _ ε d and ε d domains, we explore the timescales and rates of failure constrained by monitoring signals at Santiaguito (i.e., the positive tilt timescale to explosions). The total strain accumulated during the period of inflation can be approximated as a function of strain rate throughout the measured inflation period; the monitoring data show a brief nonlinear acceleration at the onset of inflation (Figure 3 ) before reaching constant inflation rate; however, here we use a simple model assuming that inflation rate is constant throughout the inflation minute period. We plot the total strain experienced by the lava dome if subjected to different strain rates for periods of 5 and 6 min (i.e., the red curves plotted against the secondary x axis in Figures 10a-10c ) and define the region (shaded in red) where these curves intersect the upper and lower bounds of ε d at failure, experimentally constrained for different rocks tested at eruptive temperatures (red shading). This provides a means to assess the conditions which may lead to rupture during outgassing and explosive phases at Santiaguito (Note that in our analysis we avoid any considerations of length scale dependence on rupture). Outgassing phases are preceded by 6 min of inflation; in this scenario, we anticipate that lava deformation is dominantly viscous, with tearing and time-dependent fracturing but probably no extensive fracturing which could cause deep-seated fragmentation. Thus, by comparing the aforementioned intersection of the curves in Figure 10 , we estimate that over a period 6 min, the lava dome would have experienced strain rates slower than 6.5 × 10 −5 s −1 to a maximum of 0.026 strain for the deeper part of the dome at T s /T g > 1.05 and strain rates slower than 3.5 × 10 −5 s −1 to a maximum of 0.014 strain for the peripheral part of the dome at 1 < T s /T g < 1.05 (The experimental data suggest that faster strain rates or more strain would result in complete rupture). As an upper bound, assuming that such conditions are experienced across the whole dome (~200 m wide), it would imply that the dome experienced deformation rates <8-14.5 mm/s for a maximum displacement <2.8-5.2 m. Explosive events, for which we anticipate magma rupture and fragmentation, are preceded by 5 min of inflation. From Figure 9 , we estimate that the lava dome would have experienced strain rates >7.1 × 10 −5 s −1 for the hotter parts of the dome at T s /T g > 1.05 and strain rates >4 × 10 −5 s −1 for the part of the dome at 750°C. Following the above reasoning, it would imply that the dome would have deformed at rates >8-14.2 mm/s prior to explosions. Johnson et al. (2014) used particle image velocimetry to measure up to 20 cm/min (or 3.3 mm/s) average vertical velocities of the dome surface preceding both outgassing and explosive phases. Given the continuous lateral movement of dome lava (feeding lava flows to the SE; Figure 1 ) noted during these measurements, this shows that our analysis compares well to their observations. This simple analysis indicates that the experimental conditions tested in this study can provide reliable first-order constraints for deformation leading to outgassing and explosive activity at Santiaguito and, together with data from Figure 9a , demonstrates that small changes in strain rate or temperature, prompted by the stalling of rising magma for instance, can lead to transitions from passive to explosive activity.
These strain rate constraints allow us to better infer the deformation modes within the conduit. Since our estimate of magmatic temperature at Santiaguito is somewhat conservative (i.e., Stoiber & Rose, 1969, measured 843°C) , we conclude that a degree of ductile and viscous deformation is inevitable during 5-6 min of continuous deformation over the strain rates given above and at a postulated pressure source depth of 300 m. In shallow volcanic systems, the damage developed through ductile deformation accompanied by the pervasive development of microfractures (those that do not coalesce to complete rupture) results in increased pore space, affecting gas accumulation and release, as well as buoyancy, and thus regulating the stress balance responsible for the monitored activity and signals (e.g., Edmonds et al., 2003) . Local dilatancy could increase shear stress and weaken magma at conduit margins that may trigger shear failure, fault slip, and thermal vesiculation, leading to explosive events; however, pervasive deformation would also increase the connectivity of the porous pathways and the permeability of the lava volume (Kendrick et al., 2013; Lamur et al., 2017; Lavallée et al., 2013) , enabling more efficient outgassing to occur (Edmonds et al., 2003; Eichelberger et al., 1986; Mueller et al., 2008) and potentially alleviating the pressure that drives explosions (Okumura et al., 2009) . Thus, small variations in the volatile flux and the state of permeability in the upper lava dome may lead to transitions between explosive eruption or passive degassing during inflation and resulting ductile-brittle deformation. This may provide an explanation for regular gas emission events and ash-poor explosions at Santiaguito. Repeated episodes of ductile-brittle damage may be an essential element in maintaining a system perched at the explosive-passive threshold and generating the long-term nondestructive eruption dynamic at Santiaguito.
The surficial, outer carapace of the lava dome resides at lower temperatures, close to or below the glass transition of the lava (Sahetapy-Engel & Harris, 2009), and our work suggests that it would experience dominantly brittle deformation, except at the lowest strain rates (see Figure 10b ). Therefore, we anticipate that ruptures initiate at the surface and propagate downward into the lava core. This may (1) expose the pressurized regions of the lava dome, which may encourage degassing and outgassing if permeability is high due to ductile deformation and slow tearing at low strain rate or (2) favor magmatic fragmentation if rupture is brittle and rapid, and deformation is too localized to permit passive gas release. The fluctuation between passive outgassing and explosive activity at Santiaguito may be triggered by small variations in ductility and crack propagation (slow versus rapid rupture) downward from the dome carapace at Caliente. The importance of the degree of ductile deformation in maintaining a mild, nondestructive eruption style and determining the style of activity indicates that the long-term stability of the system may be highly sensitive to changes in the temperature, composition, and volatile content of magma.
Conclusion
Visual and geophysical observations combined with indirect tensile strength tests are used to describe the rheology and deformation mode of dome lava and the consequences for the eruptive behavior of the Caliente dome at Santiaguito. We observe that the eruption exhibits continuous outgassing during interexplosion periods and that inflationary tilt signals precede (i) gas-and-ash explosions that leave the dome structure intact or (ii) gas-rich plumes. The monitoring signals show regular 5-to 6-min inflation signals Figure 10 . Diametral strain rate (_ ε d ) plotted against strain to failure (ε d ) defines failure timescales. We plot the data in three temperature classes: below T g (a), just above T g (b), and above T g (c), as defined by T s /T g ranges given in the top-right of each panel. Below T g , all tests fail within a narrow range of ε d (0.0025-0.006), while above T g , we observe an increase in ε d with a decrease in _ ε d . We bracket the experimental results at each temperature (pink field) and highlight in red where this field intersects 5-and 6-min constant deformation trajectories (shown as red dotted and dashed lines). The red fields constrain the strain and strain rate conditions for failure of magma or lava within the monitored inflation timescales prior to explosions and outgassing, respectively, at Santiaguito. Close to T g , brittle or mixed-mode deformation at 10 −5 <ε˙d<4×10 −5 s −1 leads to failure, while at T s /T g > 1.05 failure can be achieved at 2×10 −5 <_ ε d <8×10 −5 s −1 , with substantially greater strain accumulation. Under low _ ε d and high ε d the dominant deformation mode becomes viscous flow, as indicated by the arrow in panel (c). preceding these volcanic emissions; however, the rate and magnitude of inflation are greater prior to gasand-ash explosions, suggesting that higher strain rates are experienced by the lava dome. We deduce that failure by bulk overpressure of a bubbly magma cannot generate the observed explosive activity localized around faults and requires the development of tensile fractures.
We used the indirect tensile strength testing method at low and high temperature and constrained the mechanical behavior of Santiaguito dome lavas in tension to simulate shallow deformation cycles at Santiaguito. In order to classify deformation modes across the brittle-ductile transition, we use BIs, including two novel indices based on the loading rate change during tests, as well as an established BI based on energy partitioning. We establish threshold values for the BIs and total strain to failure to constrain fully brittle and mixed-mode (brittle-ductile) deformation. In the brittle regime, the tensile strength of dome lavas is inversely proportional to porosity and is lower at ambient as opposed to magmatic temperatures. At eruptive temperatures above the glass transition temperature of the lava, we find that fully brittle deformation dominates only at higher strain rates. We observe an increasing degree of ductile deformation at higher temperatures and lower strain rate, which manifests as an increase in the strain accumulated prior to failure (which is partitioned between slow tearing and viscous relaxation of lava) and a decreasing loading rate during the tests. We develop BIs to evaluate deformation mode based on the loading rate and provide a set of recommendations for conducting high-temperature indirect tensile strength tests and interpreting the results of mixedmode deformation. We find an empirical threshold for fully brittle failure of <0.006 strain and a trend for decreasing strength when strain exceeds 0.006. At high temperature and low strain rate sample strength shows only minor porosity dependence and pores may favor an increased degree of ductility. Comparison with timescales of monitored inflation at Santiaguito shows that mixed ductile-brittle deformation is inevitable during inflation at the modeled depth range, while brittle deformation is more likely to occur in the outer portions of the dome and in the dome carapace where temperatures approach or fall below the glass transition. Ductile deformation leads to increased dilatancy and distributed damage, which may enhance the lava permeability leading to more efficient outgassing. Repeated episodes of ductile-brittle deformation may help to maintain the low-magnitude, nondestructive eruption style at Santiaguito. Lower temperatures at the dome surface are more likely to result in localized brittle failure of lava, which may expose pressurized areas of the lava dome and trigger explosive eruptions. In an eruptive scenario, rapid outgassing would oppose and reduce the normal stress applied on the faults, making them more likely to shear and trigger thermal vesiculation, both contributing to the likelihood of fragmentation and explosive eruption. Our findings show that small variations in fracture geometry and permeability can determine eruptive style, and ductile damage may be a common factor in maintaining long-term eruptive activity at lava dome volcanoes. Our results highlight that strain is a key measure to determine deformation mode in high-temperature rock strength tests and demonstrate the need to better constrain the temperature and strain rate profile in shallow magma as the rate of stress accumulation dictates fracture dynamics and eruptive style.
Samples and Data
Excel data files for each experiment are openly available (CC BY 4.0) and hosted on the Open Science Framework (https://doi.org/10.17605/OSF.IO/35REB; Hornby, Lavallée, Kendrick, De Angelis, et al., 2019) . All other data used in this study are included in the figures and tables within the manuscript.
